Metal-based engineered nanomaterials (ENMs) are known to affect bacterial processes and metabolic activities. While testing their negative effects on biological components, studies traditionally rely on initial exposure concentrations and thereby do not take into consideration the dynamic behavior of ENMs that ultimately determines exposure and toxicity (e.g. ion release). Moreover, functional responses of soil microbial communities to ENMs exposure can be caused by both the particulate forms and the ionic forms, yet their relative contributions remain poorly understood. Therefore, we investigated the dynamic changes of exposure concentrations of three different types of ENMs (nano-ZnO, -Cu and -Pb) and submicron particles (SMPs) in relation to their impact on the capacity of soil bacterial communities to utilize carbon substrates. The different ENMs were chosen to differ in dissolution potential. The dynamic exposures of ENMs were considered using a time weighted average (TWA) approach. The joint toxicity of the particulate forms and the ionic forms of ENMs was evaluated using a response addition model. Our results showed that the effect concentrations of spherical nano-ZnO, -Cu and SMPs, and Pb-based perovskites expressed as TWA were lower than expressed as initial concentrations. Both particulate forms and ionic forms of spherical 18 nm, 43 nm nano-ZnO and 50 nm, 100 nm nano-Cu contribute to the overall response at the EC 50 levels. The particulate forms for 150 nm, 200 nm and 900 nm ZnO SMPs and rod-shaped 78 nm nano-Cu mainly affected the soil microbial metabolic potential, while the Cu ions released from spherical 25 nm nano-Cu, 500 nm Cu SMPs and Pb ions released from perovskites mainly described the effects to bacterial communities. Our results indicate that the dynamic exposure of ENMs and relative contributions of particles and ions require consideration in order to pursue a naturally realistic assessment of environmental risks of metal-based ENMs.
Introduction
Metal-based engineered nanomaterials (ENMs) have been widely applied in various medical, industrial and environmental applications (Wang et al., 2016) . Given the wide and increasing use of ENMs, they are likely to ultimately end up in the soils and sediments through wastewater effluents and deposition (Shah and Belozerova, 2009) , and hence warrants an understanding of emerging hazards and risks (McKee and Filser, 2016) .
ENMs are known to affect bacteria (Du et al., 2015) , to inhibit bacterial metabolic activities and hence their ability to utilize available carbon resources (Echavarri-Bravo et al., 2015; Sillen et al., 2015) . Toxicity of ENMs, however, can be changed by the physico-chemical properties like metal type, shape, size, dissolution and stability/aggregation. The fate of ENMs in the natural environment depends on a plethora of variables that affect dissolution behaviors of ENMs (e.g. pH, natural organic matter, temperature, electrolyte), and these variables can be spatially and temporally highly heterogeneous (Topuz and van Gestel, 2015) . Dissolution in various environmentally relevant media is reported in the range of 1-80% for nano-Cu, and nano-ZnO ENMs, which highlights the importance of thorough and exposure-specific characterization during experiments (Misra et al., 2012) . The use of the time weighted average concentrations (C TWA ) has therefore been proposed to offer a more environmentally realistic display for exposure concentrations compared to using initially measured concentrations (C I ). This approach has gained interest for risk assessment of degradable compounds such as many pesticides (Belgers et al., 2011) , and was recently also explored for ENMs that show time-variable exposure, e.g. silver nanoparticles (Zhai et al., 2016) . However, it remains uncertain how the dynamic behavior of ENMs exposure affects the expression of toxicity (Meesters et al., 2013) , in particular in comparison to static or semi-static concentrations and in relation to the metabolic or functional potential of soil bacterial communities.
A key attribute of suspensions of metal-based ENMs is that both particles and ions shedding from ENMs contribute to the overall toxicity (Hua et al., 2014) . It is already known that the toxicity caused by nanoparticles cannot be simply explained by the metal ions released from the nanoparticles into the exposure medium (Karlsson et al., 2008) . Moreover, the relative contributions of the particulate forms and the ionic forms to the overall toxicity of ENMs and SMPs have been observed to differ between metal species and the organisms under focus. Predominantly, particle specific toxicity of nano-Cu and nano-ZnO has been observed for Ceriodaphnia dubia (Bhuvaneshwari et al., 2016) , Daphinia magana (Santo et al., 2014) , and various cell lines e.g. rat hepatoma (H4IIE) and human hepatocellular carcinoma (HepG2) (Song et al., 2014) , while the ions released from nano-Ag appears more toxic to microorganisms (Ivask et al., 2014) . This highlights the importance to determine the relative contributions of the particulate forms and the ionic forms of ENMs and SMPs to the overall toxicity at a community level.
This study therefore aims to: 1) investigate the dynamic exposure accounting for time-variable concentrations of metal-based ENMs and their impact on the capacity of soil to utilize environmentally relevant carbon sources, 2) determine the relative toxic contributions of the ionic forms versus the particulate forms of ENMs. To this end, we evaluated the effect of three different types of metal-based ENMs (nanoZnO, -Cu, -Pb and submicron particles (SMPs)) with different sizes and shapes on the metabolic potential of soil bacterial communities by assessing their ability to utilize a distinct set of carbon substrates in simplified laboratory incubations.
Materials and methods

Nanomaterials and characterizations
Three different types of ENMs (nano-Cu, -Pb and -ZnO) and SMPs were tested, as described in Table A .1. Characterizations of the particle morphology of ENMs and SMPs were performed using transmission electron microscopy (TEM) (JEOL 1010, IEOL Ltd., Japan). The size distribution and zeta potential of suspensions of ENMs and SMPs were analyzed at 1 and 96 h incubation in the exposure medium using dynamic light scattering (DLS) on a zetasizer Nano-ZS instrument (Malvern, Instruments Ltd., UK). Metal salts Zn(NO 3 ) 2 ·6H 2 O, CuCl 2 ·2H 2 O, and PbCl 2 were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands).
Dissolution behaviors of ENMs and SMPs
The release profiles of soluble Zn, Cu and Pb species released from the ENMs and SMPs at 1 mg/L for 96 h were investigated. ENMs and SMPs suspensions were sampled at 1, 24, 48, 72 and 96 h and centrifuged at 30392 g for 30 min at 4°C (Sorvall RC5Bplus centrifuge, Fiberlite F21-8 × 50 y rotor; Hua et al., 2014; Song et al., 2014; Xiao et al., 2015) to remove (aggregated) ENMs and SMPs. After centrifugation, the supernatant was filtered through a syringe filter with 0.02 µm pore diameter (Anotop 25, Whatman, Xiao et al., 2015) . The supernatants were continually confirmed using DLS that (aggregated) ENMs and SMPs were removed. Subsequently, the concentrations of the ENMs and SMPs suspensions and the corresponding soluble Zn, Cu and Pb species in the supernatants were measured by inductively coupled plasma optical emission spectrometry (ICP-OES) after digestion in 65% HNO 3 solutions with final concentrations of 5 v/v% HNO 3 (Xiao et al., 2015) .
Bacterial community
Soil bacterial community extracts were collected from the top 15 cm of a soil (52°07'06.7"N 5°11'23.1"E, site dominated by deciduous trees, The Netherlands) as described previously (Zhai et al., 2016) . In brief, collected soils were sieved through an 8 mm sieve. Soil water hold capacity was 17.5%. After soil collection, the soil samples were stored at 4°C before the experiments. Subsequently, distilled water was added to maintain the soil moisture content at 18.4% of the dry soil weight and pre-incubated for 3-4 weeks at 10°C (Bloem and Bolhuis, 2006) . During the experiments, soil samples were diluted 10 times with 10 mM BIS-TRIS buffer (Sigma-Aldrich B9754, 2.09 g/L, pH=7; Rutgers et al., 2016) . The diluted soil samples were then centrifuged at 1500 rpm for 10 min (Rutgers et al., 2006) . The supernatant was then diluted 5 times using the same buffer to obtain the soil bacterial community extract.
Substrates utilizations by soil bacterial community
The utilizations of environmentally relevant substrates were determined using commercial Ecoplates (Biolog, Hayward, USA). The Biolog Ecoplate contains 31 of the most useful carbon substrates (see Table A .2), replicated 3 times (Garland and Mills, 1991) . Each well of the Ecoplate contains a single carbon substrate and a tetrazolium that turns purple upon microbial respiration and dehydrogenation of the respective carbon source.
There are many limitations to this method. It is confined to a culturable fraction of the microbial community for which tetrazolium is not toxic (Stefanowicz, 2006) , and Ecoplates also do not include e.g. recalcitrant substrates nor specific substrates typical of the soils used in this study (Hunting et al., 2013) . The different request of nutrient and complicated interactions between bacterial species hamper identification of the microorganisms contributing to substrates utilization. It is thus impossible to directly relate the carbon substrates utilization to actual microbial community structure and how they would function under natural conditions, yet the number of utilized substrates offers a proxy of the functional diversity or metabolic potential of a microbial community (Schutter and Dick, 2001; Hunting et al., 2015; EchavarriBravo et al., 2015) . However, molecular approaches to study microbial diversity requires scarifying individual samples, thereby hampering studying the temporal aspects of microbial community dynamics. Thus, despite its limitations, Biolog offers the unique opportunity to track changes in the metabolic potential in relation to the dynamic changes of ENM-exposure.
Experimental outline
Suspensions of ENMs and SMPs were prepared following the Risk Assessment of Engineered Nanoparticles (ENPRA) protocol for toxicological studies (Kermanizadeh et al., 2012) . The stock suspensions (nominal 100 mg/L) of each ENM and SMP were sonicated in a water bath sonicator in 4°C water at 38 ± 10 kHz (twice, 8 min each, shaked in between). Thereafter, several identical sets of ENMs and SMPs suspensions were prepared immediately by a series of dilution from the stock solution with buffer. The soil bacterial community extract was added to different treatments with ENMs and SMPs suspensions, and the negative control treatment consisting of soil extract dosed with buffer instead of ENMs solution. The effects of Zn(NO 3 ) 2 ·6H 2 O, CuCl 2 ·2H 2 O, and PbCl 2 were tested as a positive treatment to assess the toxicity of Zn(II), Cu(II) and Pb(II). Measured exposure ranges of ENMs and SMPs suspensions are listed in Table 1 . To enhance bacterial growth, 100 µl of the soil bacterial community extract mixed with ENMs and SMPs suspensions were incubated in each well of the Ecoplates for 96 h at 20°C. Optical density was measured at 590 nm (OD 590 ) at every 24 h during the incubation to ensure saturation of the substrates utilization. The final calculations were performed based on the 96 h measurement (Sillen et al., 2015) . The ENMs and SMPs suspensions are composed of the particulate forms and the soluble ionic metal species (ionic forms) of ENMs and SMPs. During the incubation, the ENMs and SMPs suspensions of each treatment were also sampled at 1, 24, 48, 72 and 96 h and centrifuged at 30,392 g for 30 min to obtain the soluble ionic metal species of ENMs and SMPs in the supernatants. The concentrations of suspensions and supernatant, as well as Zn (NO 3 ) 2 ·6H 2 O, CuCl 2 ·2H 2 O, and PbCl 2 , were determined using ICP-OES after digestion in 65% HNO 3 solutions with final concentrations of 5 v/ v% HNO 3 . The concentrations of the particulate forms of ENMs and SMPs were derived by the difference between the metal concentrations measured in the suspensions and the metal concentrations measured in the supernatants.
Data analysis 2.6.1. Average well color development (AWCD)
Average well color development (AWCD) was used to represent the average bacterial metabolic activity. AWCD is calculated for the 31 substrates of the wells. OD 0 is the OD 590 for blank well and OD k is the OD 590 for well k according to the following equation (Garland and Mills, 1991) :
The data for any Ecoplate was initially normalized by the AWCD value. The normalized absorbance for well k was calculated using the following equation:
A natural logarithmic transformation was used according to the following equation (Weber et al., 2007) :
The transformed values of OD k greater than 0.25 were chosen to reflect positive response to the substrates utilizations (Sillen et al., 2015) .
Time weighted average approach (TWA)
The TWA 
Where Δt is the time interval, n is the time interval number, N is the total number of intervals (N=4), c is the concentration at the end of the time interval.
Dose-response model
The median effect concentration (EC 50 ) of AWCD inhibition of soil bacterial communities caused by ENMs and SMPs was calculated according to the dose-response curve (Hua et al., 2014 ):
Where E is the effect (AWCD inhibition) on soil bacterial communities caused by ENMs and SMPs (scaled from 0 to 1), C is the exposure concentration of ENMs and SMPs and ρ is the slope of the curve. The EC 50 values and ρ for the suspensions and particulate forms of ENMs and SMPs are listed in Table A 
Contribution of particulate forms and ionic forms of ENMs and SMPs to overall response
Generally, species are exposed to mixtures of different substances instead of a single substance in the environment. The concentration addition (CA) model and the response addition (RA) model are common models to predict the joint effects of chemicals based on the effect of the individual chemical present in a mixture. The CA model is used to predict a similar mode of action (non-interactive joint action) of a mixture of compounds. The independence of the mode of action thus has a tendency to be conservative (Gregorio et al., 2013) . It is likely that the mode of action of metal ions differs from that of the metal-based ENMs (Ivask et al., 2014; Boudreau et al., 2016) . The ENMs suspension is a mixture of soluble metal ionic species released from ENMs and particulate forms, and all the dissolved metal species are assumed to be in the ionic forms of ENMs. To calculate the individual contributions of particulate forms and ionic forms of ENMs and SMPs, we therefore assumed that the mode of action of particulate forms is dissimilar with the mode of action of the ionic forms, which is in line with the assumption of response addition (RA) model. The effect of the particulate forms of ENMs and SMPs were included in the RA model using the following equation (Backhaus et al., 2000) :
Where E (total) , E (ion) and E (particle) represent the effects caused by the nanoparticle suspensions, their corresponding released ions and the corresponding particulate forms, respectively. In the present study, E (total) was measured by the AWCD of the suspensions experimentally; E (ion) was calculated according to the concentration-response curve of Zn(NO 3 ) 2 ·6H 2 O, CuCl 2 ·2H 2 O, and PbCl 2 towards AWCD. This makes E (particle) as the only unknown, allowing for direct calculation of the effects caused by the particulate forms of ENMs and SMPs. The exposures were performed using 3 replicates of aliquots of the same diluted soil extract. The dose-response models were used to calculate the EC 50 values for the total and the particulate forms of ENMs and SMPs using GraphPad Prism 6.0. Statistically significant differences between soil bacterial community extracts exposed to different ENMs and SMPs treatments were determined by means of a two-way ANOVA and Tukey's honestly significant difference tests (with significance level set as p < 0.05) using SPSS 16.0. The carbon substrates utilizations under treatments with different ENMs and SMPs were analyzed using a Euclidean-based cluster analysis and a one-way analysis of similarities (ANOSIM) using PAST 3.0 to determine the bacterial functional composition (Hammer et al., 2001; Villéger et al., 2008) . The carbon substrates utilizations under treatments with different ENMs and SMPs were also assessed by principal component analysis (PCA) and heatmap analysis (supplementary data). The carbon substrates included in the PCA and heatmap showed a net OD > 0.25, indicating substrate utilization.
Results
Physico-chemical characterization of ENMs and SMPs
The transmission electron microscopic images of different shaped and sized ENMs and SMPs in the buffer are shown in Fig. 1 . Data on size distributions and zeta potential after 1 and 96 h incubation in the buffer are given in Table A .3. The results revealed that the particles used in this study were spherical, rod, cuboidal and hexagonal particles. After being suspended in the incubation media, the particles are present largely in aggregates, except for the spherical 500 nm Cu SMPs, which had rough edged appearance and the size decreased dramatically.
Dissolution behaviors of ENMs and SMPs
The concentrations of the ionic forms of ENMs and SMPs dissolved from the ENMs and SMPs are shown in Fig. 2 (A-C) . The overall trend observed was that dissolution appeared to be occurring at a greater rate in the first two time intervals and then levels off after 80 h. The relative amounts of dissolved Zn ions were different for differently shaped and sized nano-ZnO, with spherical 18-43 nm nano-ZnO releasing more Zn ions (38-45%), whereas only 12-17% of Zn ions released from cuboidal 200-900 nm ZnO SMPs (Fig. 2A ). There was a higher Cu ion release percentage of spherical nano-Cu than in case of the rod-shaped particles. The spherical 50 and 100 nm nano-Cu showed similar ion release percentages (21-24%). Approximately 33% of 25 nm nano-Cu and 43% of the 500 nm Cu SMPs were dissolved after 96 h. The 78 nm rodshaped nano-Cu showed the lowest ion release rate (14%) among all suspensions (Fig. 2B) . The release of Pb ions from 100 and 150 nm hexagonal-shaped perovskites were similar and yielded ion release percentages of 75-78%, while 400 and 500 nm hexagonal-shaped perovskites display lower ion release percentages of 50-57% at 96 h (Fig. 2C) . It was also showed that smaller particles of nano-ZnO and SMPs, nano-Cu and perovskites releasing higher amount of ions. This could be explained by the largest net surface area; however, the 500 nm Cu SMPs released more Cu ions than 78 nm nano-Cu, which was due to the smaller particle size of Cu SMPs suspended in the media according to the TEM observation.
Based on the measured total exposure concentrations and ion release profiles of ENMs and SMPs, the concentrations of the particulate forms during 96 h of incubation in the exposure medium are presented in Fig. 2 (D-F) . The results illustrate that the exposure concentrations for all the particulate form of ENMs and SMPs decreased along with time depending on the shapes and sizes of ENMs and SMPs. For the spherical 18-43 nm nano-ZnO, concentrations of the particulate Zn after 96 h incubation were 8-10% less than the initial concentrations, while slight differences were found in the Zn concentrations of 150-900 nm ZnO SMPs (particle) along with time (Fig. 2D) . After 96 h Y. Zhai et al. Ecotoxicology and Environmental Safety 145 (2017) [349] [350] [351] [352] [353] [354] [355] [356] [357] [358] incubation, the concentrations of spherical 25-100 nm nano-Cu (particle) were 9-17% less than the initial concentrations. However, the decrease of the concentrations of 500 nm spherical Cu SMP (particle) (26%) was higher than the concentrations of rod-shaped 78 nm nano-Cu (particle) (4%), which was due to the higher ion release of spherical 500 nm Cu SMP than the rod-shaped 78 nm nano-Cu (Fig. 2E) . The decrease of the concentration of perovskites (particle) was even higher, up to 13-37% after 96 h, depending on the size of the particles (Fig. 2F ).
Responses of bacterial communities following exposure to ENMs and SMPs
The dose-response curves of suspensions of ENMs and SMPs and their corresponding metal salts are provided in Fig. 3 (A-C) , in which the response was expressed as average well color development (AWCD) values of Ecoplates in proportion to the control. The metabolic potential of soil bacterial communities decreased with increasing concentrations of ENMs and SMPs suspensions and their corresponding metal salts. The total concentrations of suspensions of ENMs and SMPs causing 50% inhibition of bacterial activity (EC 50 ) are listed in .26 mg/L, respectively, as based on the metal ion concentrations which were lower than those of the corresponding ENMs and SMPs, indicating that Zn(II), Cu(II) and Pb(II) are the most toxic of all the tested chemicals. The dose-response curves of the particulate forms of ENMs and SMPs based on the RA model are provided in Fig. 3 (D-F) . The EC 50 values of particulate forms of ENMs and SMPs using the response addition model (RA) are shown in Table 1 . After comparting the EC 50 values of different metal type of ENMs and SMPs, nano-Cu and SMPs (particle) were found to be the most toxic of the particles tested (0.28-0.74 mg/L), followed by nano-ZnO and SMPs (particle) (1.07-2.09 mg/L), and perovskites (particle) (25.31-74.57 mg/L). Comparing the EC 50 values of the same metal type of ENMs and SMPs with different shapes and sizes, the spherical 18-43 nm nano-ZnO (particle) had lower EC 50 values (1.07-1.52 mg/L) than the rod-shaped 150 nm and cuboidal 200-900 nm ZnO SMPs (particle) (2.06-2.17 mg/L) (Fig. 3D) . The EC 50 values of spherical 25-100 nm nano-Cu (particle) (0.28-0.56 mg/L) were lower than the rod-shaped 78 nm nanoCu (particle) (0.74 mg/L) (Fig. 3E) . Depending on the different shapes of the same type of ENMs and SMPs, spherical particles were found to be the most toxic among all the tested particles, followed by rod and polygonal shaped particles. Smaller sized particles of ZnO and (particle) . (E) Cu concentrations of the nanoCu and SMPs (particle) . (F) Pb concentrations of the perovskites (particle) . Data are mean ± SD (n = 3).
perovskites with the same shape were found to be more toxic than larger sizes (Fig. 3 F) . However, the EC 50 value of spherical 500 nm Cu SMPs (0.45 mg/L) was lower than the EC 50 value of rod-shaped 78 nm nano-Cu (0.74 mg/L), which was due to the morphology according to the TEM observation that rough surface of 500 nm Cu SMPs may cause fast decomposition of the particles.
In addition, The EC 50 values of particulate forms of ENMs and SMPs based on initial measured concentrations (C I ) and TWA concentrations (C TWA ) are also listed in Table 1 . The EC 50 values of spherical nano-ZnO were significantly lower when expressed as C TWA compared to the EC 50 values expressed as C I (p < 0.05), and the use of C TWA significantly reduced the EC 50 values of spherical nano-Cu and SMPs (p < 0.05). The EC 50 values of all the perovskites also decreased significantly after being corrected using the TWA approach (p < 0.05), which can be explained by the highest extent of dissolution observed for perovskites amongst all tested ENMs and SMPs.
The relative contributions of the particulate forms and the ionic forms of ENMs and SMPs to the overall toxicity of the suspensions of ENMs and SMPs to bacterial communities at the EC 50 level based on the RA model are given in Table 2 . The 150-900 nm ZnO SMPs (particle) significantly contributed to the overall toxicity of all the zinc suspensions (84-96%). Although the EC 50 of Zn(II) in Zn(NO 3 ) 2 (0.95 mg/L) was found to be lower than the EC 50 values of the nano-ZnO and SMPs (1.34-1.99 mg/L), the high contribution of ZnO SMPs (particle) was ascribed to the low level of released Zn ion. However, the relative contribution of nano-Cu and SMPs (particle) was dependent on the ion release profiles. The particulate forms only significantly contributed to the total response in the bacterial communities that were exposed to 78 nm rodshaped nano-Cu (67%). The EC 50 of Cu(II) in CuCl 2 (0.16 mg/L) was less than half of the values of the nano-Cu and SMPs (0.30-0.57 mg/L). The ionic forms exhibited higher toxicity than the particle forms to the overall response when bacterial communities exposed to 25 nm nanoCu (60%) and 500 nm spherical Cu SMPs (76%) because of the high levels of Cu ions released in the suspensions and high toxicity of Cu ions. The ionic forms of perovskites showed high contributions to the overall response of the bacterial communities in all cases. This was due to the high toxicity of Pb(II) in PbCl 2 and high level of Pb ions released from perovskites.
Bacterial utilization of environmentally relevant carbon substrates
The changes of functional potential of bacterial communities were explored to further explain the toxicity of ENMs and SMPs. The capacity Fig. 3 . Dose-response curves of AWCD of soil extracts exposed to ENMs and SMPs suspensions of (A) nano-ZnO, SMPs (total) and Zn(NO 3 ) 2 *6H 2 O, (B) nanoCu (total) , SMPs and CuCl 2 *2H 2 O, (C) perovskites (total) and PbCl 2 , (D) nano-ZnO and SMPs (particle) , (E) CuNPs and SMPs (particle) , and (F) perovskites (particle) . AWCD values relative to the control are plotted on the y-axis, actual log-transformed metal concentrations are plotted on the x-axis. Data are mean ± SD (n= 3).
Table 2
Comparison of relative toxic contributions of ion and the particulate form of ENMs and SMPs to toxicity at the EC 50 level based on C TWA using the RA model.
Element
Size and shape Relative toxic contribution of the bacterial communities to utilize different carbon sources following exposure to nano-ZnO and SMPs, nano-Cu and SMPs, and perovskites treatments at the EC 50 level is shown in Fig. 4(A) . Patterns in carbon substrate utilization reflected differences in the substrates utilizations of the bacterial communities among different ENMs and SMPs treatments at the EC 50 level (Fig. A.1) . The exposure to ENMs and SMPs reduced the community functional potential. Compared to the control, treatments of spherical and rod-shaped nano-ZnO and SMPs significantly reduced the number of substrate utilizations (p < 0.05).
For nano-Cu and SMPs, the functional potential under plate and spherical particles treatments was significantly lower than in case of treatment with rod-shaped particles (p < 0.05). For perovskites, the exposure to 100 and 150 nm significantly inhibited the substrate utilization of bacterial communities (p < 0.05).
Classifications of different nano-ZnO and SMPs, nano-Cu and SMPs, and perovskites treatments by cluster analysis according to the Fig. 4 . Functional potential of bacterial communities under different ENMs and SMPs treatments at EC 50 level. (A) Utilization of carbon substrates by bacterial communities exposed to different ENMs and SMPs. The bars are the mean ± SD (representative experiment showing n=3 in triplicates). The different letters indicate significant differences between each treatment and control by a two-way ANOVA and Tukey's honestly significant difference tests (with significance level set as p < 0.05). (0 = control, 1 = 18 nm spheres, 2 = 43 nm spheres, 3 = 150 nm rods, 4 = 200 nm cubes, 5 = 900 nm cubes; 6 = 25 nm spheres, 7 = 50 nm spheres, 8 = 78 nm rods, 9 = 100 nm spheres, 10 = 400 nm spheres; 11 = 100 nm hexagon, 12 = 150 nm hexagon, 13 = 400 nm hexagon, 14 = 500 nm hexagon). (B) Classifications of different ENMs and SMPs treatments by cluster analysis according to the AWCD of the bacterial communities at EC 50 level. (one-way ANOSIM, Euclidean-based similarity, n=3, R 2 =0.996, p < 0.05).
metabolic characteristics of the bacterial communities at the EC 50 level are presented in Fig. 4(B) . The bacterial functional potential differed significantly between treatments depending on the element of the metal-based particles (one-way ANOSIM: R=0.996, p < 0.05). The metabolic characteristics of the bacterial communities was also analyzed using principal component analysis (PCA) at the EC 50 level (Fig.  A. 2). The PCA plots indicated that metabolic profiles from the ENMs and SMPs distinguished from that of the control. The treatments of same metal type of ENMs and SMPs closely-grouped, indicating similar bacterial functional potential.
Discussion
The results of this study showed that ENMs significantly affect soil bacterial community and functional potential. Particle dissolution is affected by the physico-chemical characteristics of ENMs, e.g. shape, size, and initial concentration (Wang et al., 2012) . Here we assessed ENMs differing in dissolution potential. The spherical nano-ZnO and -Cu were demonstrated to be more soluble than the other shapes of ENMs of the same chemical composition in the exposure medium, and the ion release of rod-shaped nano-Cu and cuboidal ZnO SMPs were the lowest. From the assessment of the dissolution behavior of ENMs in the exposure medium we also found that the exposure concentrations for the particulate forms of ENMs declined along with time ( Fig. 3 D-F) . To account for these dynamics in dissolution we expressed the exposure concentrations of ENMs based on TWA. This is assumed to be a more accurate and naturally relevant description of effects and risks compared to those expressed by initially measured concentrations during the different exposure periods. The TWA approach has been applied for the macrophyte Myriophyllum spicatum and exposure to the herbicide metsulfuron-methyl (Belgers et al., 2011) . In our study, the EC 50 values of spherical nano-ZnO and -Cu as well as perovskites based on TWA approach were significantly lower than those based on initially measured concentrations.
In determining the relative contributions of the particulate forms and the ionic forms to ENMs-toxicity, concentration addition (CA) model and response addition (RA) model are widely used to predict the joint toxicity of chemicals in a mixture based on their individual effects. Since the CA model acts independently of the mechanism of action, and therefore has the tendency to be conservative (Gregorio et al., 2013) , and the majority of studies focused on models that assume dissimilar mechanisms of action driving mixture toxicity (Altenburger et al., 2003) , we applied the response addition model to compare effects of the particulate forms and the ionic forms of ENMs. (Table 1) . Our results showed that at the EC 50 level, both the particulate forms and ionic forms of spherical nano-ZnO and nano-Cu are responsible for changing the functional potential of soil bacterial communities (Table 2) . Noteworthy, the ionic form of perovskites contributes far more than the particulate forms, and Cu ions also contributed significantly when bacterial communities were exposed to 25 nm nano-Cu and 500 nm SMPs. Toxicity caused by the ionic metal species has been reported with spherical 2.8-10.5 nm nano-Ag on Escherichia coli (Xiu et al., 2012) , 20 nm nano-ZnO on Saccharomyces cerevisiae , pseudokirchneriella subcapitata (Franklin et al., 2007) , and nano-Ag on HeLa and A549 cells (De Matteis et al., 2015) , including membrane damage, mitochondrial damage, oxidative stress (ROS) and lipid peroxidation (Ivask et al., 2014) . However, our results also showed that the relative contributions of the particulate forms to toxicity were much higher than those of the ionic forms in suspensions of ZnO SMPs and rod-shaped 78 nm nano-Cu. These results are in concurrence with the previous work of Bhuvaneshwari et al. (2016) , showing that the contributions from 50 and 100 nm nano-ZnO (particle) to the overall toxicity to Ceriodaphnia dubia were notable. Similarly, Sun et al. (2017) also found that the particles rather than the dissolved ions were the dominant source of nano-CuO toxicity to the hemocytes of Chlamys farreri. Taken together, the physico-chemical properties like metal type, shape, size, dissolution and stability/aggregation of ENMs can affect the contributions of particulate forms and ionic forms to the overall response. The size-dependent and shape-dependent toxicity of ENMs were due to the surface-to-volume ratio of the particles, and the direct contact area with cells (Hua et al., 2014; Simon-Deckers et al., 2009 ). The dissolution and stability/aggregation of ENMs also caused time-response DNA damage in cells exposed to ENMs (particle) and ENMs (ion) (Gomes et al., 2013) . On the one hand, the antibacterial activity of ENMs might related to the released metal ions (Hajipour et al., 2013) . On the other hand, The ENMs (particle) could also enter the cell to generate ROS and inhibited the proliferation of cells (McShan et al., 2014) , indicating that a particle-mediated mechanism also promoted the contribution of ENMs (particle) to the overall toxicity.
Toxicity studies of ENMs of different composition have been performed on a variety of species with different sizes and shapes. In our study, the EC 50 values of nano-ZnO and SMPs and perovskites were size dependent, whereby smaller sized particles showed higher toxicity. The size-effect of ENMs has previously been described with daphnids (Lopes et al., 2014) , algae (Aruoja et al., 2009 ) and bacteria (Simon-Deckers et al., 2009 ). However, our results also showed that spherical 500 nm Cu SMPs were more toxic than rod-shaped 78 nm nano-Cu, which was due to the morphology and dissolution of particles according to the TEM observation and ion release profiles. The rough surface of 500 nm Cu SMPs may cause fast decomposition of the particles. Therefore, the size of 500 nm Cu SMPs in the media was found to be decreased as the net surface area and dissolution of SMPs increased (Song et al., 2015) . The shapes of nano-ZnO and -Cu were found to influent their toxicity to mammalian and piscine cell lines, daphnia and zebrafish embryos (Xiao et al., 2015; Song et al., 2014; Hua et al., 2014) . In our present study, compared with the other spherical nano-ZnO and -Cu, the rod-shaped 150 nm ZnO SMPs and 78 nm nano-Cu were less toxic (Figs. 3B and 3 C). These findings with regard to the stability and low toxicity of rodshaped ENMs are consistent with previous findings, with net surface area of rod-shaped particles being much smaller compared with spherical ENMs (Song et al., 2015) . For Perovskites, the ABX 3 crystal structure and chemical reactions of perovskites in the aqueous phase can lead to the release of Pb ions and subsequent toxic effects on soil bacterial communities. Furthermore, our results showed that the utilization of carbon sources by bacterial communities was inhibited after exposure to ENMs (Fig. 4A) , indicating that the bacterial functional potential was negatively affected (Echavarri-Bravo et al., 2015) . The bacterial functional potential differed significantly between treatments depending on the tested metal (Fig. 4B) . These findings indicate that ENMs do bring additional nano-specific effects, with the structure and ion release of ENMs being two of the important factors that need to be considered when investigating the toxicity profiles of ENMs.
Not accounting for environmental chemistry (e.g. pH, temperature, biofilms, humic acids) that can affect the toxicity of ENMs, our results thus should be interpreted cautiously. It is also uncertain whether patterns observed in this study reflect exposure dynamics of ENMs in natural systems. However, the effect of dissolution and aggregation dynamics of ENMs on the metabolic potential of soil bacterial community are likely relevant in natural environments. Our results thus hint that the time-variable exposures of ENMs can disrupt metabolic processes of natural soil bacterial communities and in turn their associated ecosystem processes, warranting consideration of the dynamic exposure of ENMs. The assessment of environmentally relevant risks and biochemical interactions with ENMs effects on bacterial communities are therefore promising areas of future research.
Conclusions
This study evaluated the effect of three different types of metalbased ENMs that differ in size, shape and dissolution potential on the metabolic potential of soil bacterial communities. The EC 50 values of spherical nano-ZnO, spherical nano-Cu and SMPs, and Pb-based perovskites were shown to be significantly lower based on time weighted average concentrations compared to responses derived from the traditional approach relying on a constant initial concentration. In addition, both particulate forms and ionic forms of spherical 18, 43 nm nano-ZnO and 50 nm, 100 nm nano-Cu contributed to the overall response at the EC 50 levels. The particulate forms for 150 nm, 200 nm and 900 nm ZnO SMPs and rod-shaped 78 nm nano-Cu were the dominant factors governing soil bacterial community utilization carbon substrates, or metabolic potential. Contrarily, the Cu ions released from spherical 25 nm nano-Cu, 500 nm Cu SMPs and Pb ions released from perovskites were driving soil bacterial community metabolic potential. Taken together, our findings underlined that the effect caused by particles and ionic forms of ENMs can only be reliably assessed when physico-chemical properties e.g. size, dissolution and stability/aggregation are taken into account. Although the realistic exposure scenarios cannot be completely reflected by the results obtained in substrate utilization, our findings represent the basis for a better understanding the effects of ENMs on the catabolic potential of bacterial communities. This outcome thus presents a case to consider exposure dynamics and relative contributions of both particulate form and ions shedding from ENMs to better understand potential risks of ENMs and to allow for a more a conservative and realistic environmental risk assessment.
